ABSTRACT
INTRODUCTION
At CERN high voltage (HV) pulse transformers for klystron modulators are currently under study for the Compact Linear Collired (CLIC).
The insulation distances and materials are key parameters that determine the dynamic performances. They must be as small as possible but ensure that no breakdown will occur during the lifespan of the transformer.
Design directions for the insulation systems are presented. The study consists in classical destructive HV tests [1] combined with in Finite-Element Analyses (FEA) for the identification of the weak insulation point. Safety factors on breakdown fields, for each insulation system, shall be considered to cope with ageing and imperfections in the insulation material. The impact on the performances of the pulse transformer versus the selected safety factor is presented considering a transformer which meets CLIC specifications.
INSULATION STRUCTURE
An oil-based insulation is selected for its ability to efficiently evacuate the transformer's heat-losses. Coils are fixed on solid supports (Figure 1 ). The top secondarywinding's wire of the high voltage coil is located near the grounded magnetic core. In order to reduce the peak electric field (related to the Schweiger factor), a half-pipe shaped conductor is added on the top of the HV coil to increase the radius of curvature. The whole transformer is immersed in oil.
TESTS ON INDIVIDUAL INSULATION MATERIALS
3.1 LIQUID MATERIAL Two types of synthetic insulating oils have been compared: MIDEL 7131 and RHODORSIL silicon oil. Used silicon oil has been tested and a comparison between used and new MIDEL oil has been carried out. The used oil was removed from transformers in operation at CERN. The different oils were characterized by their breakdown voltage and dispersion of the measurements. Rogowski electrodes with a gap of 1.8 mm or 3 mm have been used (Figure 2a) . A linearly increasing voltage of 500 Vs -1 is applied on the sample until breakdown. Results are presented in Table 1 . Only a low decrease of the breakdown field between old and new MIDEL oil is observed but the standard deviation is larger because the impurities make the oil less homogeneous and trigger breakdown. We can deduce from those tests that the breakdown field in new MIDEL oil is about 20 kVmm -1 and decrease to 18 kVmm (Figure 2b ) applying a linearly increasing voltage. The breakdown voltage could not be determined because electric arcs at the surface occurred before breakdown through the plate. Breakdown occurred with an electrical field (inside the PEEK) of 80 kVmm -1 . Therefore the PEEK breakdown field is greater than this value.
WIRES
Wires have their own layer of insulation. Enamelled wire and enamelled wire covered with one and two layers of mica strips have been tested in a copper braid connected to the ground ( Figure 3 ). All the system is immersed in oil to avoid arcs between connectors, wire and grounded parts outside the copper braid.
The mica insulation enhance the breakdown voltage by more than a factor 10 ( Table 2) but it does not depend on the number of layers of mica. The first layer of mica sheet is the most important as the electric field is larger near the wire where the curvature radius is the smallest. Furthermore interlayers air bubbles could have been trapped (no vacuum filling process) increasing partial discharges and consequent arc discharges. 
TEST OF THE FIELD STABILIZER
In high voltage pulse transformers field stabilizers are used to reduce the electrical peak field occurring at the secondary turn with the highest potential. The transformer geometry investigated here considers the secondary turn with the highest potential directly as field stabilizer by increasing its radius ( Figure 4a ) [2] .
INVESTIGATED SETUP
To develop a better understanding of the electrical field distribution at the field stabilizer surface, the geometry was investigated in a simplified setup, as shown in Figure 4b , where the high voltage is applied to two tubes with a fixed distance with respect to a grounded plate, representing the distance of the two field stabilizers to the top of core window. A DC ramp (1000 Vs -1 ) is used to obtain the average breakdown voltages with the two mentioned new transformer oils for various distances, each with at least 6 samples. The geometric setup was then simulated in 2D-FEM to determine the electrical peak field (Table 3) for each distance at the respective breakdown voltage. Additionally, the field path with the most critical electrical field was identified, which is displayed in Figure 5a for RHODORSIL and 5b for MIDEL. 
RESULTS ANALYSIS
The results, displayed in Table 3 (Table 1) . Therefore it is crucial to consider in the design process the maximal electrical peak field rather than referring to an average electrical field for larger distances, which occur in a high voltage transformer. 
TEST OF AN INSULATION SYSTEM COMBINING SEVERAL INSULATION MATERIALS

TESTED ASSEMBLY DESCRIPTION
When combining different insulation material with known electrical characteristics, it becomes difficult to clearly identify the weak point of the insulation system. For this purpose a prototype assembly combining the solid, liquid and wire insulation has been built for destructive tests purposes. The assembly is composed of a wire in contact with a solid insulation plate of 1 mm thickness separated from a grounded plate by a layer of 2 mm of oil. The assembly is depicted in Figure 6 .
In order to investigate the effect of pulse length on the breakdown voltage, a double exponential with a front time of 1 μs and a time to half-value of 900 μs is used. The voltage is recorded on an oscilloscope to measure the time before breakdown.
RESULTS
The results of the breakdown voltage for the different configurations of the assembly are summarized in Table 4 . The time to breakdown from the beginning of the pulse is generally included between 10 μs and 60 μs. 
RESULTS ANALYSIS
The speed of streamer in oil for low breakdown voltages is in the order of 1 km s -1 [3] . The time from the beginning of the pulse to the breakdown is compatible with the time that the streamer takes to propagate into the 2 mm of oil gap. Once the streamer has propagated through the oil, the electrical field in the support is high enough to cause the breakdown of the support insulator.
The type and quality of oil is the main factor determining the breakdown voltage. For RHODORSIL oil the breakdown voltage is the lowest, between 67.8 and 71.9 kV, for used MIDEL between 71.3 and 80 kV and the highest breakdown voltage is held from for new MIDEL oil, between 91.8 and 95 kV. The electrical field at breakdown voltage in the assembly with a PEEK support, one layer mica insulation wire and used MIDEL oil is simulated with finite element methods (Figure 7) . The electrical field inside the support is lower than the field achieved during the test of solid material. The field in the oil between the grounded plate and the support is equal to the breakdown field measured for the oil. It confirms that the streamer initiate and propagate first in the oil.
The influence of one particular component of the insulation can be assessed by exchanging it for a component of another type without replacing the other materials.
The three first tests with used MIDEL oil and PEEK support can be used to examine the influence of the type of wire insulation. The results are similar to the test of the wires only. The breakdown voltage increases by roughly 10% between enameled and mica insulated wire and there is no significant difference between wires with one or two layers of mica.
The measurement incertitude is too high compared to the influence of the support. The streamer starts in the oil, the only impact of the support is its permittivity which modifies the electric field distribution between oil and the solid support. 
EFFECTS OF SAFETY FACTORS ON TRANSFORMER PERFORMANCES
Once the breakdown field has been determined, a safety factor is considered to ensure that no breakdown will occur. The determination of this factor is based on experience and empirical rules. An environment used for the optimal design of pulse transformer described in [4] is used to perform a sensitivity analysis of the performances versus the insulation safety factor selected for a high voltage pulse transformer.
The considered pulse transformer must produce 29 MW pulses of 140 μs length at 180 kV secondary, 15 kV primary. The voltage is considered as stabilized when the voltage at secondary remains within ± 0.45% of the nominal voltage. The time between the beginning of the pulse and stabilization must be lower than 8 μs and the maximum allowed secondary voltage overshoot is 1%.
The pulse transformer that has the smallest volume is found by an optimization procedure.
The safety factor is defined as the ratio between the breakdown field in the oil E breakdown and the maximum electrical field in the oil insulation E max considered in the design phases.
The safety factor in the solid material is higher than the safety factor in oil (higher breakdown consequences).
The safety factor forces the insulation thickness. The other dimensions of the transformer will be changed in order to meet the specifications. The relative volume is expressed in percentage of the volume of a transformer with a safety factor of 1. Figure 8 shows the relation between the safety factor and the volume of the pulse transformer. The support material does not influence significantly the size. For low safety factor the relation is approximately proportional. For safety factor above 3, the volume of the transformer increase more rapidly.
CONCLUSION
Combining experimental breakdown tests and Finite element Analyses of the same set-up, allows to easily determining the actual electrical field distribution inside the insulation material under evaluation. As soon as the electrical field distribution becomes inhomogeneous because of a complex geometry, and when an insulation system is composed of different materials, numerical field's simulations are necessary to identify the weak point in the insulation system/assembly.
Alternatively, insulation materials datasheets can be directly used for FEA. In the specific case of HV pulse transformers the weakest point where a breakdown phenomenon starts is in the oil. The selected insulation safety factor greatly influences the pulse transformer optimization in terms of volume (and cost). 
